Excess caveolin-1 has been reported to play a role in age-dependent hyporesponsiveness to growth factors in vitro. We, therefore, hypothesize that caveolin-1-dependent hyporesponsiveness to growth factors in aged corneal epithelial cells might be responsible for delayed wound healing in vivo. In order to test this hypothesis, corneal wound healing time was evaluated by vital staining using fluorescein after laser epithelial keratomileusis (LASEK). We compared wound healing times in young, middle age, and elderly patients. We also examined caveolin-1 levels and other aging markers, such as p53 and p21, in the corneal epithelium. Elderly patients generally had higher caveolin-1 levels in the corneal epithelia than young patients. There were, however, variations among individuals with increased caveolin-1 in some young patients and decreased levels in some elderly patients. Wound healing time after LASEK correlated well with the corneal caveolin-1 status. Therefore, we suggest that caveloin-1 status might be responsible for delayed wound healing in the elderly after LASEK. Caveolin-1 status might be a regulator for wound healing capacity and a novel target for in vivo adjustment.
INTRODUCTION
Aged organisms have been suggested to have the inefficient and slow wound healing capacity (1) (2) (3) (4) . The molecular mechanisms of this age-dependent delay in wound healing have not been defined. Endogenously produced peptide growth factors such as epidermal growth factor (EGF), transforming growth factor alpha (TGF-α), and platelet-derived growth factor (PDGF) play key roles in the natural wound healing process (1, 2, 5) . A reduced mitogenic response to growth factors in aged cells surrounding wounds might be one factor responsible for the age-dependent, diminished capacity for wound healing (1, 2) . The molecular mechanism for reduced mitogenic responses in aged cells varies depending on the respective growth factor (6, 7).
Caveolin is a principal structural component of caveolae membranes (8). Three mammalian caveolin genes (caveolin-1, -2, and -3) have been identified and characterized (9).
Caveolin plays an important role in growth factor-induced cellular signal transduction by interacting with various signaling proteins, such as epidermal growth factor receptor (EGFR), G-proteins, Src-like kinases, Ha-Ras, protein kinase C, endothelial nitric-oxide synthase, and integrins (10-14). We previously observed that caveolin-1 levels increase with aging (15) , and caveolin-1 reduction using antisense oligonucleotides or small interfering RNA recovers EGF response in senescent cells. Since EGF receptor levels on the cell surface do not change during aging, we have suggested that accumulation of excess caveolin-1 protein might be Molecular Medicine www.molmed.org UNCORRECTED PROOF responsible for age-dependent decreases in EGF response and morphological changes in vitro (16, 17) .
The far-near ultraviolet radiation (193 nm wavelength) generated by an argon-fluoride excimer laser has been used to ablate the cornea and reshape its curvature to correct refractive errors, such as myopia, astigmatism, or hyperopia (18, 19) . This surgery, also called laser epithelial keratomileusis (LASEK), is more common amongst the elderly who need refractive correction to improve vision and quality of life. Postoperative care for the elderly requires special concern for wound healing time and efficiency. Since aging likely delays wound healing, we compared the status of corneal epithelia and wound healing times from young and elderly patients after LASEK. To test the possibility that caveolin-1 might be involved in regulating wound healing after LASEK, we compared the caveolin-1 expression with other age-related proteins, such as p53 and p21 waf1/cip1 (p21) in the corneal epithelia from young and elderly patients.
MATERIALS AND METHODS

Human Corneal Cell Isolation and Primary Culture
Human corneal epithelial cells were isolated from tissue explants from donated human corneas and cultivated as described (20) . Primary human corneal epithelial (PHCEp) cells 
Immunofluorescence Microscopy
Corneal epithelia from young (age 23) and elderly (age 65) patients were permeabilized with 0.5% Triton X-100 and fixed with 4% paraformaldehyde. Tissues were then incubated with 1% bovine serum albumin (BSA) in 20 mM sodium phosphate (pH 7.4) containing 150 mM NaCl (PBS) to block nonspecific labeling. For immunofluorescence using human tissue, the primary anti-paxillin and anti-caveolin-1 polyclonal antibodies were diluted to 1:500 in 0.1% BSA in PBS. Tissues were washed and incubated simultaneously with Alexa 546- Coverslips were mounted onto slides (Immu-mount; Shandon Lipshaw, Pittsburgh, PA, USA), and photographed (x400) on a Leica DEF 280 microscope.
Electron Microscopy
Corneal epithelia from young, middle age, and elderly patients were fixed with 3% glutaraldehyde in PBS (pH 7.4). After washing with 0.2 M sodium cacodylate buffer (pH 7.4), cell pellets were treated with 1% osmium tetroxide in cacodylate buffer for 1 hr. Tissues were then dehydrated in graded ethanol through propylene oxide and embedded in epoxy resin (Polyscience Co.). Ultrathin sections were cut and stained with uranyl acetate and lead citrate.
Sections were observed using a transmission electron microscope (H-600, Hitachi)
Adenoviral Caveolin-1 Vector Preparation and Transfection
Infective recombinant adenovirus was made using the AdEasy system (22).
Recombinant adenovirus expressing caveolin-1 (Adv/Cav-1) was produced by inserting wildtype caveolin-1 cDNA into a shuttle plasmid (pAdTRACK-CMV; Invitrogen, Carlsbad, CA, USA). Following electroporation, homologous recombination was performed with the shuttle vector and a large adenovirus-containing plasmid (pAdEasy-1) in E. coli BJ518.
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Recombinant viruses were selected with kanamycin and subjected to restriction endonuclease digestion. Infective adenovirus virions were produced following transfection of the linearized recombinant adenovirus plasmid in HEK293 cells. Virus stocks were amplified in HEK293 cells on 15 cm plates and purified using BD Adeno-X purification kits (Clontech, Palo Alto, CA, USA). A control vector (Adv/GFP) carrying cDNA for modified green fluorescence protein EGFP was also prepared as described above.
Statistical Analysis
The Graph-Pad Prism (GraphPad, San Diego, CA, USA) was used for statistical analysis. One way ANOVA was performed to assess differences in preoperative spherical equivalent refractive power among the young group, middle aged group, and elderly group.
Student's t-test was performed to assess differences in wound healing time and relative caveolin-1 expression between young and elderly corneal epithelia. Means ± standard deviations of experimental and control values in each group are presented. P values less than 0.05 were considered significant. 
RESULTS
Aging Delays Corneal Wound Healing after LASEK
Caveolin-1 and Paxillin are Enriched in Caveolae from Elderly Epithelia
Electron microscopic studies of corneal epithelia representative of young (Y4, age 20), middle age (M12, age 45), and elderly (E20, age 70) patients illustrated the presence of caveolae-like structures, which were more abundant in middle age and elderly than young patients ( Figure 
Caveolin-1 Status and Other Aging Marker Proteins in Corneal Epithelia Vary Among
Individuals
We examined the expression of caveolin-1 and other aging markers, such as p53 and p21 in the corneal epithelia of five young (Y1~Y5) and five elderly (E5~E9) patients using Western blot analysis. Interestingly, not all elderly patients showed consistent increases in age-related proteins compared to young patients ( Figure. 4A ). Among the five young patients, two (Y4 and Y5) showed up-regulated caveolin-1 and one (Y5) showed increased p21 expression. Among the five elderly patients, two (E5 and E6) showed lower caveolin-1, p53
and p21 levels than other elderly patients. These data suggest that age-related protein expression does not correlate with chronological age but varies among individuals.
To verify these data, we then examined caveolin-1, p53, and p21 expression in corneal Molecular Medicine www.molmed.org
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epithelia from an additional five young and five elderly patients using Western blot analysis.
The expression of these proteins in all 10 young (age 23 ± 3 yrs) and elderly patients (age 60 ± 5 yrs) was calculated using densitometric analysis of each band and plotted as the relative density of β-actin ( Figure. 4B ). As expected, caveolin-1, p53, and p21 levels were significantly (*P<0.05; ***P<0.001) higher in corneal epithelia from elderly (E in Figure. 4B) than young patients (Y in Figure. 4B ).
Wound Healing Time Correlates Well with Caveolin-1 Status
Wound healing status was determined by examining corneal epithelialization status after fluorescein staining. Corneal epithelial defects were stained with fluorescein, appearing green. The wound healing time was a measure of the time to complete corneal epithelialization, thus eliminating all green staining. In this study, we also compared corneal epithelialization 3 days after LASEK in two young patients (Y3 and Y4 shown in Table 1 ), both age 20, with different caveolin-1 expression and two elderly patients (E5 and E7 shown in Table 1 ) with similar ages (ages 58 and 60, respectively) but different caveolin-1 expression. Complete corneal epithelialization was observed 3 days after LASEK in both young patients (Y3 and Y4 in Figure. 5A ), but corneal defects (green colored area) remained in some elderly patients (E5 and E7 in Figure. 5A ). Some degree of corneal epithelial defect was observed in 13 of 20 elderly patients (65%).
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Corneal wound healing times differed between two young patients (48 hrs for Y3 and 60 hrs for Y4) and two elderly patients (84 hrs for E5 and 108 hrs for E7). Patients with higher wound healing times (Y4 and E7) showed up-regulated caveolin-1 expression compared to the age-matched patient (Y3 and E5, respectively) ( Figure. 5B ). At the same time, p-ERK levels were up-regulated in these patients with higher healing times ( Figure. 5B ).
These data implicate that caveloin-1 status shows a strong correlation with wound healing time, implicating the role for caveolin-1 in modulating wound healing in all age groups.
Because we observed that caveolin-1 status in the corneal epithelium varies among individuals, we examined the relationship between wound healing time after LASEK and caveolin-1 expression in a group of patients (Figure. It is generally accepted that corneal wound healing time increases with age (29, 30) (Table1). We also found that average wound healing time after LASEK correlated well with average patient age. Patients within similar age groups showed individual variations in wound healing time after the LASEK. By examining aging markers, such as caveolin-1, p53
and p21 in corneal epithelia from individuals, we found that average protein levels were higher in elderly patients, with variations among individuals. These variations might reflect the individual aging process, rather than chronological age.
LASEK for the elderly, reduced blood supply to the lens or cornea could delay wound healing (31, 32) . We postulate that age-dependent inefficient responses to growth factors might also delay corneal wound healing in the elderly. We previously reported a role of caveolin-1 in the senescent phenotype and its accumulation in aged animal tissues, suggesting a suppressive role in EGF responsiveness (16, 23 ). Therefore, we tested the role of caveolin-1
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to suppress EGF signaling in corneal epithelial cells. In consequence, caveolin-1 transfection using an adenoviral transfection system showed hyporesponsiveness to EGF in corneal epithelial cells, as previously shown in HDFs (16) and CHO cells (9). Our data confirm that caveolin-1 is a mitogenic suppressive factor in the corneal epithelium. In this study, we also observed that differences in wound healing time correlate well with caveolin-1 levels of corneal epithelial cells rather than chronological age, suggesting that caveolin-1 in human corneal epithelium might be a negative marker for intrinsic wound healing capacity.
Caveolin is well-known to regulate signaling in caveolae. Anchorage-independent transformed fibroblast growth disappeared after overexpressing caveolin-1. Suppressing caveolin-1 stimulates transformation and activates MAP kinase signaling (33) .
Overexpressing caveolin-1 also inhibits EGF-induced signaling from EGFR to the Raf-MEK-ERK pathway, and the nucleus in CHO cell (9). In addition, caveolin-1 overexpression in mesangial cells suppressed Raf-MEK-ERK activation and cell proliferation induced by bFGF and PDGF (34) . In this study, we also found that caveolin-1 overexpression in corneal epithelial cells showed a reduction of EGF-induced ERK phosphorylation. The present study suggests that caveolin-1 inhibits the signaling induced by growth factors such as EGF, bFGF and PDGF in corneas, and might be responsible for delaying wound healing in the elderly after LASEK.
In previous reports (35, 36) , it has been shown that tear film stability is mostly influenced by age and sex, and dry eye changes are more marked in women than in men. We we excluded cases with a TBUT of less than 10 seconds to minimize the influence of tear factors. Our cases had TBUT within the normal range, and no significant differences among groups were found (data not shown). However, we could not exclude the possibility that ageand sex-dependent tear factors played a role in wound healing directly or indirectly via the regulation of caveolin expression. Further studies are needed.
Taken together, these data indicate that caveolin-1 status is a useful marker of wound healing efficiency after LASEK. Therefore, we suggest that downregulating caveolin-1 might be useful to facilitate wound healing in vivo, especially for elderly undergoing LASEK.
These suggestions could be extended to wound healing in other surgeries or traumas. The relative levels of caveolin-1 from 10 young (black circle), 10 middle age (red triangle), and 10 elderly (green square) patients were analyzed using densitometry after Western blotting. The wound healing time versus the relative caveolin-1 level for 30 patients were plotted and analyzed to get a correlation coefficient between determinations (r=0.9812). caveolin-1, EGFR, p-ERK, and ERK. β-actin was also monitored as a control.
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